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SYSTEM AND METHOD FOR REDUCING MULTDPATH DISTORTION IN 
WIRELESS DISTANCE MEASUREMENT SYSTEMS 



5 BACKGROUND OF THE INVENTION 

Field of Invention 

The present invention relates to a system and method for identifying multipath 
wireless signals, their relative strength, and their position. More specifically, the present 
invention relates to a system and method for reducing multipath distortion in wireless 

1 0 distance measurements. 

Description of the Related Art 

Mobile telephones, pagers, and other wheless communication equipment are now 
commonplace. More recently, laptop computers, personal digital assistants (PDAs) — 
such as the Palm™ organizer - have been equipped with wireless communications 

15 capabilities. One ofthe primary benefits ofwireless equipment is portability. We can 
carry our mobile phone with us wherever we go. These wireless devices are currently 
used for relatively limited purposes, such as miaking telephone calls, when they are 
capable of doing much more. 

One potential use for wueless devices is in mobile commerce. Wireless devices 

20 can be used for buying or selling goods or services, making payments, gathering 
infonnation, advertising and promotion, and the exchange of information for other 
conGunercial or non-commercial purposes. The success of mobile conmierce and other 
wireless applications will dqpend on their acceptance by consumers at large. 
Accordingly, wireless applications must be easy to use and convenient. New platforms 

25 are being developed to enable mobile commerce and other applications for wireless 
devices. Bluetooth is such a technology. Bluetooth provides a wireless networking 
protocol for linking various whreless equipment, such as mobile computers, mobile 
phones, and PDAs. Bluetooth operates in the Industrial Scientific and Medical (ISM) 2.4 
GHz region. 

30 In addition to platforms such as Bluetooth, wireless devices require additional 

enabling technologies to reach their full potential. One such technology involves distance 
measurement. The distance between two or more wireless devices may be needed in a 



1 



wo 02/058290 

PCT/US02/00915 

variety of applications. In many cases, it may be undesirable to measure the distance 
between two wireless devices directly. Direct distance measurement may be impossible 
mapracbcal, intrusive, or simply inconvenient Moreover, because one or more wireless 
devices may be moved, the distance between devices will not be fixed indefinitely and re- 
5 calculation may be needed. 

When measuring the distance between wireless devices, one potential source of 
maccuiacyiscausedbymultipathdistortion. Figure 12 illustrates the multipath 
phenomenon. As shown in Figure 12. a transmitter 10 transmits wireless signals 15 to a 
recexyer20. The wireless signals 15 may travel in several different paths from the 
10 transmitter 1 0 to the receiver 20 due to reflection and/or diffiaction of the wireless signals 
15. For example, buildings, clouds, the earth, and trees may reflect portions of the 
wireless signals. Figure 12 illustrates a single point of reflection 17 for simpUcity It 

shouldbeunderstoodthatnumereuspointsofreflectionand/ordif&actionmayexist The 
signal received by the receiver 20 is a combination of wireless signals 15 from all of the 
15 dififerentpaths. Figure 12 illustrates a signal 15 traveling in a direct path PI from 

transmitterl0toreceiver20andasignall5travelinginareflectedpathP2 PathP2is 
longerthanthefirstpathPl. Consequently, the signal 15 travelling in path P2 will arrive 

at thereceived20 after the signal 15 travelling inpathPl and may haveadifferent phase 
dependmg on the relative distance between PI and P2 and the wavelength of the signal 

20 15. If'*ceiver20basesitsdistancemeasurementonwirelesssignalsinpathP2rather 
flwnpath PI, the measured distance will be inaccurate. 

The multipath phenomenon has been recognized in pagers and mobile telq,hones 
m this context, the combination of wireless signals may cancel each other out making 
reception difficult. This is sometimes referred to as multipath interference. Efforts have 
25 been made to reduce multipath interference in order to improve the signal-to-noise ratio 
or bit error rate of the received signal. For example, in one technique, two or more 
signals with relatively non-coherent amphtudes may be transmitted using space, 
frequency, time or antenna polarity diversity. Multipath interference is avoided by 
selecting the strongest received signal for detection and demodulation. According to this 

30 '^etbod.theparticularpathorpathstakenbythestrongestsignalisnotimportant RAKE 
receiver, provide an example of time-diversity reception in direct sequence spread 
spectrum communications. The receiver deK^rrelates the received signal by flying 
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several time-delayed versions of the known pseudo-random sequence used by the 
transmitter. The signal from the direct path (if there is one) and the strongest echoes may 
be de-correlated and combined to generate a signal having a lower bit enx>r rate than can 
be obtained fix>m the signal from any one of the paths. 
5 Where the wireless signals are digitally modulated, an adaptive equalizer may be 

deployed at the receiver. Adaptive equalizers pass the receive signal through a tapped 
delay line. The tap take-off parameters are adaptively adjusted to cancel out echoes. As a 
further alternative, directional antennas may be used at one or both of the transmitter and 
receiver. At the transmitter, a directional antenna limits the number of paths that the 

10 transmitted wireless signal may take. At the receiver, a directional antenna reduces the 
number of paths from which wireless signals can be received. In either case, the direct 
signal path can be strengthened in relation to the reflected or echo signals. However, 
directional antennas are inconvenient and have limited use because they must be oriented 
to direct or receive the wireless signals. 

15 In wireless distance measurements, the problem is not to increase the signal-to- 

noise ratio or bit error rate irrespective of signal propagation time or distance. The object 
is to identify the direct path signal as closely as possible. If reflected signals contribute 
significantly to the measurement, the resulting distance will be inaccurate. One aspect of 
the present invention is to reduce such inaccuracies. 

20 Pritf ]Pwylr)lptt9^ of th? PrawfagS 

The acconopanying drawings, which are incorporated in and constitute a part of 
this specification, illustrate embodiment(s) of tiie invention and together with the 
description, serve to explain the principles of the invention. 

Figure 1 is a block diagram illustrating an example of multiple electronic devices 
25 m accordance with the present invention. 

Figure 2 is an illustrative block diagram of a base station and remote unit in 
accordance with an embodiment of the present invention. 

Figure 3A-3C are illustrative block diagrams of the base station according to 

Figure 2 having an RF transceiver, processor, and user interface. 

30 Figure 4A-4B are illustrative block diagrams of the base station according to 

Figure 2. 
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Figure 5 is an illustrative functional block diagram of a base station and a remote 
unit in accordance with an embodiment of the present invention. 

Figure 6 is an illustrative functional block diagram of a phase detector in 
accordance with an embodiment of the present invention. 

Figure 7 is an illustrative fimctional block diagram of a base station and remote 
unit in accordance with an embodiment of the present invention. 

Figure 8 is an mustrative functional block diagram of a base station and remote 
unit in accordance with an embodiment of the present invention. 

Figure 9 is an exemplary timing diagram showing one possible timing sequence of 
the transmission between a base station and a remote station of Figure 8. 

Figure lOA provides a graph of received signal power as a function of fiequency 
in a hypothetical case having one multipath echo. 

Figure lOB provides a graph of the phase of the received signal as a function of 
fiequency in the hypothetical case having one multipath echo. 

Figure IOC provides a graph of the inverse Fast Fourier Transform QFFT) of the 
fiequency, phase, and amplitude infoimation of Figures lOA and lOB. 

Figure lOD provides a graph of the direct path propagation delay derived from the 
information of Figure IOC. 

Figure lOEprovidesagraphoftheFastFourierTransformreconstructedphaseof 
'20 the information of Figure IOC. 

Figure 1 1 A provides a graph of received signal power as a function of frequency 
in a hypothetical case having two multipath echoes. 

Figure 1 IB provides a graph of the phase of the received signal as a function of 
frequency in the hypothetical case having two multipath echoes. 
25 Figure lie provides a graph of the inverse Fast Fourier Transform (IFFT) of the 

frequency, phase, and amplitude infomiation of Figures 1 lA and 1 IB. 

Figure llDprovidesagraphofthedirectpath propagation delay derived from the 
information of Figure 1 1 C. 

Figure HE providesagraphoftheFast Fourier TWormreconstracted phase of 
30 . the information of Figure 1 1 C. 

Figure 12 provides a schematic illustrating the multipath phenomenon. 
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PgtaHedPescdpttop 

By way of ov^ew, the present invention enables the number, position, and/or 
relative strength of multipath signals to be identified. In the context of distance 
measurement, the present invention permits the direct path between two wireless devices 
5 to be identified from among other paths taken by the transmission signal. In particular, 
the present invention may be used to conect wireless distance measurements for 
inaccuracies caused by the multipath phenomenon. The present invention is capable of 
detemiining the distance betwem two wireless devices using only the two wireless 
devices, as described in fiirther detail below. To achieve this result, a first wireless device 
10 transmits a forward path signal to a second wireless device. The second wireless device 
generates a reverse path RF signal sequence using the forward path signal such that the 
forward and reverse path signals are coherent The reverse path RF signal sequence 
includes different frequencies that have the same or substantially the same multipath 
characteristics. 

15 A wireless receiver of the first wireless device receives and generates amplitude 

and phase information using the reverse path RF signals and the forward path signal. A 
curve drawn from the received amplitude information and fi-equencies will be periodic in 
firequency with the period depending on the relative ampUtude and delays of the reflected 
or echo signals. The first wireless device converts, for example, by inverse Fourier 

20 transform, the amplitude, phase, and firequency information into time domain data. The 
time domain data indicates the number, time delay, and relative amplitude of the echoes 
composing the received signal. For distance measurement q)plication, the time domain 
data is sufticient to distinguish the direct path signal from the echo signals and correct the 
measured distance from effects of multipath distortion. After the direct path signal is 

25 distinguished and all other paths are filtered out, a Fourier transform can be applied, 
resulting in a flat frequency response and a linear phase shift. This information is 
sufiSicient to detemiine the measured distance, for example, as demonstrated in U.S. 
Patent Application No. 09/759,601, filed concurrentiy herewith and expressly 
incorporated by reference. A direct reading of the propagation delay of the direct path 

30 may also be determined. 

Figure 1 provides a block diagram illustrating an embodiment of a wkeless 
communication system in which the present invention may be used. As shown in Figure 
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l.the system includes apluraKty Of Wireless devices 110-1 to 110-N(coUectively referred 
to as wireless devices 110) within a particular region. The wireless devices 110 may be 
commumcations devices capable of transmitting and iBceiving infonnation between 
devices. The information communicated may be data or voice infonnation. At least one 
and possftly all of the wireless devices 1 10 are mobile commumcations devices. For 
example, the wireless devices 1 10 may be mobUe phones or pagers, or PDAs, handheld 
computers, l^top computers, or other devices equipped with wireless commumcations 
capabilities, or a combination of any of Ihe foregoing. Moreover, the set of wireless 
devices 1 10 in the region is not necessarily fixed. Additional wireless devices 1 10 may 
enter Ihe region and existing wireless devices 1 10 may leave the region. It should be 
nnderstood, however, that the present invention may be used with stationary wireless 
devices. 

To fecilitate communications, each wireless device 110 includes one or more 
antermas. In a preferred embodiment, the antennas are omnidirectional antennas so that a 
15 particular wireless device 1 10 can communicate with any of the other wireless devices 
110 within its operable range without regard to where the other wireless devices 1 10 are 
located. Of course, other antenna designs may be used vwth any one or more of the 
wireless devices 110. 

Each of the wireless communications devices 110 may store unique identifying 
data that it can transmit to the other wireless communication devices 1 10 in the region. 
Accordingly, each wireless communication device 1 10 can identify itself to the other 
communication devices 1 10 and distinguish between other wireless communication 
devices using the identifying data. For example, a wireless device 110-1 can broadcast 
RF signals containing communication data intended specifically for wireless device 110- 
3. By including the identifying data in the RF transmission, wireless device 1 10-3 can 
receive and perform actions responsive to the commmiication data, while other wireless 
devices 1 10 ignore the data. The communication data may be, for example, commacial 
data exchanged in a commercial transaction between owners or users of wireless devices 
1 10-1 and 1 10-3. Alternatively, or in addition, the communication data may include 
30 advatising data, news, weather, or other usefiil information. 

Communications between the wueless devices 1 1 0 can be carried out using a 
protocol employing a master-slave relationship. However, other protocols may be used. 
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In the case of a master-slave protocol, one of the wireless devices 110 in a particular 
region may be a master with one or more otiiers of the wireless devices 110 in the region 
serving as a slave. The master device will control commmncations carried out with the 
slave devices. In one embodiment, the wireless devices 110 communicate using fhe 
S Bluetooth protocol, but of course other protocols may be used. The Bluetooth protocol 
uses a half-duplex, frequency-hopping scheme operating in the 2.4 GHz band. Bluetooth 
devices hop through 1600 frequency channels per second, with 800 transmit and 800 
receive chamiels. The channels may have a 1 MHz spacing and span a total of 79 MHz. 
Information signals may be commimicated using gaussian frequency shift k^dng 
10 (GFSK). Bluetootfi allows various wireless equipment (mobile phones, mobile 
computers, etc.) to commimicate over relatively short range of about 100 meters. 
However, the range may vary depending on the transmission power and receiver 
sensitivity. 

Fig. 2 illustrates the operation of an embodiment of the present invention. For 
1 5 simplicity, the operation of the present invention will be described with reference to two 
wireless devices: a base station 100 and a remote unit 200. The base station 100 and the 
remote unit 200 may be wireless communication devices 1 10, as shown in Figure 1. Base 
station 100 and remote unit 200 may have the same or different structure depending on 
their class of device. As shown, the base station unit 100 is separated from the remote 
20 unit 200 by a distance D. As described above, the base station may be measure the 
differential phase between two or more frequencies of a signal transmitted between the 
base station 100 and the remote imit 200. In one embodiment of the present invention, 
frequency hopping is used by the base station 100 and the remote unit 200 to generate the 
transmitted signals. 

25 A signal SI using a sequence of carriers at frequencies ^i, ft2,.-ftn is generated at 

base station 100 and transmitted to remote unit 200. At remote unit 200, the signal SI is 
received and demodulated. The demodulated signal is used as a refer^ce to generate a 
second signal S2. Signal S2 includes a sequence of carriers having frequencies ^i, 
fi2,...^. The remote unit transfers the phase information of signal SI to signal S2. The 

30 frequencies in each sequence of carriers may be in ascending order, in descending order, 
another pattern, or in random order, for example. Additionally, the spacing between 
adjacent carrier frequencies contained in a sequence (Le., irrespective of their order in the 
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sequence) may be constant, vary according to a pattern, skip some fi^uencies. or occur 
randomly within arange. Thus, base station 100 and remote unit 200 remain 
synchronized, orphase locked, with each other. Signal S2 is transmitted from the remote 
unit 200 back to the base station 1 00 where it is frequency converted to the frequencies of 
signal SI and phase compared with the signal SI. Alternatively, an additional RF signal, 
phase coherent with SI. may be generated in base station 100 and be used to do the phase 
comparison with S2. This an^gement obviates the need to frequency convert S2 before 
perfonning the phase comparisoa 

Phase comparison of the corresponding frequency increments of signalSl and 
fiequency converted signal S2 provides a phase offeet 0i for each of the ftequeacies. Tlie 
phase comparison may also yield amplitude infomiation of the received signal S2. 
Alternatively, the amplitude information of the received signal may be obtained 
separately. Accordingly, the base station 100 may store phase and amplitude information 
(e.g., in polar or Cartesian co-ordinates) for each frequency of the received signal S2. 
nie base station 100 can use this information to identify multipath signals, their relative 
strength, and position and correct for multipath distortion in distance measuremaits. 

The embodiment illustrated in Fig. 2 is directed to a fullnii^lex system in which 
signal transmission and reception occur simultaneously requiring the frequencies of SI to 
be different from the frequencies of S2. However, as will be described below, the present 
mvention could also be implemented, for example, in a half^iq,lex mamier aUowing the 
use of the same frequencies for signals SI and S2, thereby obviating the need to convert 
the frequencies of signal S2 to the frequencies of SI. or the frequencies of signal SI to the 
frequencies of S2, for phase comparison. 

RF commmiications. control, and processing functionaKty of the base station 100 
may be performed by common equipment, for example, under different software control, 
ormaybeperfoimed by different equipment. Examples are described below in 
comiection with Figure 3A.3B. and 3C. However, it should be miderstood that control, 
processing, and RF communications functionality may be performed by various 
equipment configurations depending on the type of device that base station 100 embodies 
and the degree of overlap and compatibihty between the distance measurement 
functionality and other functionality of the base station 100. 
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For example, if fhe base station 100 is a Bluetooth-enabled mobile telephone, the 
base station 100 requires RF conomunications for mobile telecommunications, distance 
measurement, and Bluetooth communications. The same or dififerent control and/or RF 
equipment may be used for wireless communications to network infrastructure (e.g., 
S mobile telephone to cellular base station), for distance measurement, and for direct 
wireless device-to-wireless device (e.g., Bluetooth) communications. The same may be 
true of a Bluetooth-enabled laptop with a RF modem for linking to an ISP and many other 
devices equipped for wireless communications using multiple different protocols. On the 
other hand, fhe base station 100 may embody a wu^less device that supports distance 

1 0 measurement and a single wireless communications protocol (e.g., a Bluetooth-equipped 
vending machine, a mobile telephone, laptop with an RF modem, etc.). The same or 
different control and/or RF equipment may be used for wireless communicatioiis and for 
distance measurement. Finally, the base station 100 may be equipped for RF 
communication only to perform wireless distance measurement. In this case, only a 

1 5 single RF communications equipment for distance measurement need be provided. 

Figure 3 A is a functional block diagram illustrating some of the components of 
the base station 100 according to an exemplary embodiment. The base station 100 may a 
mobile telephone, a PDA, handheld computer, laptop computer, desktop computer, a 
vending machine, cash register, or other equipment The base station 100 is shown 

20 generally in Figures 3A-3C simplicity. It should be understood that the exact structure of 
the base station 100 may diffi^ from, or include additional elements than, that shown in 
Figures 3A-3C, depending on the nature of the base station 100. 

As shown, base station 100 includes a user inter&ce 101, a processor 102, an RF 
transceiver 1 03, a housing 1 1 1 for housing the components, and an antenna 1 12. Housing 

25 111 may be used to house equipment that make up base station 100. Base station 100 and 
housing 111 may be sized and equipped to be readily transported and permit stand-alone 
operatioiL For example, housing 111 may be sized to be a handheld device, such as a 
PDA or mobile phone. Antetma 112 may be an omnidirectional antenna or a directional 
antexma. Antenna 1 12 may be contained within housing 1 1 1 or may protrude therefromu 

30 The processor 102 further includes a central processing unit (CPU) 102, memory 

105, e.g., DRAM, and data storage medium 106. The user operates the base station 
throu^ fhe user interface 101. User inter&ce 101 can include any number of input 
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controls and output devices, such as a visual display, a keypad, pointer, a mouse, tracking 
baU. a four-button pad, speakei(8). a microphone, or any combination of the foregoing. 

Processor 102 is coupled between the user interface 101 and the RF transceiver 
103. Processor 102 receives and processes phase and ampUtude data (e.g.. I and Q data, 
as will be used in the following examples) fiom the RFtransceiverI03. Theprocessor 
may use the phase and amplitude data to calculate a distance measurement, which can be 

displayed on theuserinterfeceorused to control adistanc^based process. Theprocessor 
102 also controls the transceiver 103 and receives control information from the user 
interfece 101. The FQ data from the RF transceiver 103 is typicaUy stored in memory 
105 for processing by CPU 104. Further, storage space 106 contains program instructions 
for the CPU as well as other static data such as the device ID information. In handheld 
devices, storage 1 06 is typicaUy a non-volatile read only memory. In larger base station 
implementations, the storage space can be a hard disk drive. It is anticipated that the 
program instructions for the processor 102 can be embedded for storage, transport, or 
sale, in any suitable computer readable medimns. such as a floppy diskette, optical disk, a 
memory chip or a memory portion of a chip, or can be stored on a server and downloaded 
to the processor for use. The RF transceiver 103 is typically implemented as a 
combmation of discrete components or a smaUer number of integrated chipsets. 

In addition to calculating the distance, for example, as described below, the 
processor 102 and the transceiver 103 may operate to commmucate according to one or 
more communication protocols using the same or different frequencies than used for 
distance measurement For example, if the base station 100 were a mobile telephone, the 
processor 102 and transceiver 103 may be used to handle mobile telephone 
communications. For example, the base station may transmit and receive 
communications signals with a cellular station, a sateUite, or other network switching 
infrastructure, m addition, the processor 1 02 and transceiver 1 03 may be used to handle 
other communications protocol(s). such as Bluetooth, for example. ITie base station 100 
may commmucate directly with other wireless devices. In this regari, the base station 
100 may use common equipment for distance measurement and for other 
commmaications. Alternatively, the RF transceiver 103 may be used solely for distance 
measurement. 



10 



wo 02/058290 



PCT/US02/00915 



Figure 3B illustrates a further exemplary embodiment of a base station 100. 
Figure 3B is similar to Figure 3A, but includes RF transceiver 103-1 and RF transceiver 
103-2. RF transceivers 103-1 and 103-2 may share a common antenna structure or have 
separate anteunas. In accordance with the embodiment of Figure 3B, the RF transceiver 
S 103-1 may be used for conununications according to a first set of one or more 
conmiunications protocols and RF transceiver 103-2 may be used for distance, 
measurements and possibly communications according to a second set of one or more 
communications protocols. Processor 102 controls transceivers 103-1 and 103-2 and may 
process information received &om either or both transceivers. In accordance with Figure 
10 3B, the base station 100 may be, for example, a mobile telephone. RF transceiver 103-1 
may handle telephone communications and RF transceiv^ 103-2 may handle distance 
measurement RF transmissions and possibly other conmiunications, such as Bluetooth 
communications. 

Figure 3C illustrates a further exemplary embodiment of a base station 100. 

15 Figure 3C is similar to Figure 3A, but includes processors 102-1 and 102-2 and 

transceivers 103-1 and 103-2. In accordance with the embodiment of Figure 3C, the 
processor 102-1 and RF transceiver 103-1 may be used for communications according to 
a first set of one or more communications protocols and processor 102-2 and RF 
transceiver 103-2 may be used for distance measurements and possibly communications 

20 according to a second set of one or more communications protocols. Processor 1 02-1 
controls and may process data from transceiver 103-1 and processor 102-2. Processor 
102-2 controls and processes information fi:om RF transceiver 103-2. Processor 102-2 
also communicates with processor 102-1. In accordance with Figure 3C, the base station 
100 may be, for example, a mobile telq)hone. RF transceiver 103-1 may handle 

25 telephone communications and RF transceiver 1 03-2 may handle distance measurement 
RF transmissions and other communications, such as Bluetooth communications. 
Processor 102-1 may be used to control mobile telephone conununications and perform 
overall device control. Processor may be used for controlling distance measurement 
control, such as mathematical processing, and perform control operations for another 

30 communications protocol, e.g., Blueooth. The embodiments of Figures 3B and 3C are 
useful, for example, where the distance measurement functionality is added to an existing 
device design. In the embodiment of Figure 3B, the processor 102 of the existing device 
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• ""ybeloadedwithsoWforperfbnmngdistancemeasurementcalc^^^^ Figure 

3Cpn,vKies an alternative where theprocessor 102-1 is not capable or wouldnot be 
efficient for perfonning the distance measurement calculations. 

^^8ures4Aand4Bshowtwoaltemativeimplementationsofthepresentinventi^^ 
mbasestationlOO. As shown in Fig. 4A. the distance measurement functionaUty may be 
unplemented as a separate processor chip 1 08 and used in conjunction with a RF 
transceiver chip 107. The processor chip 108 may be. for example, a general purpose 
mcropxocessor. a math processor, or an ASIC built using, for example, CMOS 
technology. TheRFtransceiverchipl07maybe,forexample.aBluetoothchiporother 
RF communications chip. The RF transceiver chip 107 may be built using bipolar 
technology or BiCMOS technology. 

Alternatively, as diown in Fig. 4B. the RF transceiver chip 107 may include 
memory 109 and processor circuitry 110 forperforming distance measurement 
calculations, ^eprocessor circuitry 110 may be general purpose processing circuitry or 
15 ^^^^iaUy-designedcircuitforperfonningdstancemeasurementcalculations • 

Accomingly. the RFtr^ceiver chip 107 may output a di^ance value directly. HreRF 
transceiverchip 107 may be a Bluetooth chip. Other platforms will be known to those 
skilled m the art and are within the scope of the present invention. 

While the embodiments Figures 3A-3C and 4A.4B are described above in 
comiection with a distance measurement appUcation, it should be clear that the 

embodiments may beused for other appUcations for which it is useful to identify 
multipath transmissions. 

Fig. 5 iUustrates exemplary RF circuitry that may be included in flie base station 
100 and the remote station 200. Fig. 5 has been simpUfied for purposes of explanation 
and is not intended to show every feature of the base station 100 and the remote station 
200. As shown, the base station 100 includes a local osciUator 103-1. divider 103-2 
synthesizer 103-3. synthesizer 103-4, power amplifier 103-5. phase detector 103-6. L 
^iver 103-7. Local oscillator 103-1 generates a system clock, or reference fiequency 
fiet which IS coupled to the reference inputs of synthesizers 103-3 and 103-4 In this 
example, the value of fref will be set to 0.5 MHz. Of course, this and other numerical 
examples described herein are intended to be illu^ve and are not intended to limit the 
pr««itmvention. Systm clock frefis also divided by di^dder(M) 103-2 to derate a 
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modulation signal fin. Integer M can be set to an integer value of at least one or high^. 
In this case, M will be set to a value of 1 . Consequently, in this example, fin is also equal 
to 0.5 MHz. Modulation signal fin is coupled to the modulation input of synthesizer 103- 
5. Because modulation signal fin is derived &om fie^ it maintains phase coherency with 
S fief. Likewise, because the carriers having frequencies fti, £2,-*ftn ate derived from firei^ 
phase coherency between these carriers having fi:equencies ^i, ^....ftn, and signals fref, 
and fin is maintained. 

Synthesize 103-3 generates a frequency hopping spread spectrum (FHSS) signal 
SI, which is comprised of a sequence of carriers at di£ferent firequencies. Bach carrier is a 

10 multiple of the reference frequency fref. Signal SI is modulated by fin and coupled to the 
input of power amplifier 103-5. Signal SI is therefore comprised of a sequence of 
carriers, each modulated by fin. Power amplifier 103-5 amplifies SI to produce amplified 
signal S 1 A. Signal S 1 A is propagated over distance D to the remote unit 200. 

Synthesizer 103-4 generates an FHSS signal S3, which is comprised of a sequence 

15 of carriers at different frequencies. Each carrier is a multiple of the reference frequency 
fref Each of the carriers in the sequence of carriers of signal S3 has a corresponding 
carrier &om the sequence of carriers of SI. Typically, in a fidl duplex design, signals SI 
and S3 are required to be within different frequency bands. 

Receiver 103-7 receives external FHSS signal S2A* (transmitted from remote 

20 station 200). Signals S2A and S3 have the same carrier frequencies. Signal S2A' is 
conq)rised of a sequence of phase shifted carriers corresponding to the carriers of signal 
S3 generated by synthesizer 103-4. Further, the sequence of carriers of signal S2A' are 
equal in frequency to the sequence of earners of signal S3 generated by the synthesizer 
103-4. Signal S2' and S3 are coupled to the inputs of phase detector 103-6 for phase 

25 comparison. Phase detector 103-6 generates a sequence of DC 1/Q outputs corresponding 
to the phase and amplitude of the sequence of carriers of S2*. While shown as part of the 
RF circuitry, the phase detector 103-6 may be implemented in the processor 102, for 
example, using software. 

Also shown in Fig. 5 is the rraiote station 200. Remote station 200 includes a 

30 receiver/discriminator 200-2, synthesizer 200^3, and power amplifier 200-1 . The 
receiver/discriminator 200-2 receives FHSS signal SI A' (comprised of a sequence of 
carries having frequencies fti, fi2,...ftii) fi:om the RF transceiver 103 of the base station 
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100 and i«:overs the modulation signal Modulation signal fin- is coupled to the input 
of synthesizer 200-3. Synthesizer 200-3 multiplies fin' by asequence of integers to 

gene^eFHSS signal S2. which is comprised ofa sequence offi^iuencies^, 5, ^ Jn 
this example. N will be a sequence of integers from 4800 - 4960. Signal S2 is coupled to 
5 the mput of power amplifier 200-1. amplified, and transmitted to receiver 103-7 of base 
Station 100. 

As shown in Fig. 5, modulated signal fin is transmitted fiom base station 100 to 
remote unit 200 using a fi-equency hopping scheme. For purposes of obtaining the 
distance measurement, the message content and method of modulation are academic 
1 0 (reqmring only that phase coherency be maintained) and are dependent on the specific 
application and platfomi used. For example, if using the Bluetooth™ technology the 
method of modulation used would most likely be gaussian frequency shift keying Other 

modulationtechniqueswiUbeknowntothoseskiUedintheartandai^withinthescope . 
of the present invention. 

15 Once the signal SI' is received at the remote mut 200 by receiver 200^2 it is 

frequency discriminated to obtain a received version of original modulation si^ial f„' 
Modulation signal W contains the phase information of the received signal SlA' 
Modulation signal fin can therefore be used to synchronize a voltage controlled oscillator 
(VCO) within the synthesizer 200-3. More specifically, modulation signal W canbeused 

20 as a reference signal for the synthesizer 200-3 to generate FHSS signal S2. comprising 
earners having frequencies (f,,. ^2,... To accomplish this, synthesizer 200-3 
multipUes fin- (in this example. 0.5 MHZ) by a sequence of integers N (in this example 
4800=>8960). EachofthefrequenciesofS2isthereforephasecoherentwith 
modulation signal fin. S2 is amplified by power amplifier 200-1 to generate signal S2A 

25 and transmitted back to the base station 1 00. 

At base stationlOO.FHSS signal S2A'is received by receiver 103-7;Ki amplified 
to produce FHSS signal S2'. The signal S2A' is the same frequency as S3 (generated by 

synthesizer 103-4). except for a difference in the phase angle due to the propagation 
distance experienced by signal SlA' and S2A'. Signal S2' is phase compared with the S3 
by phase detector 1 03-6. The phase comparison may be performed by genemting Ih- 
Phase (D and Quadrature (Q) DC signals and performing a simple arithmetic calculation 
tofindthephase shift andamplitude. Alternatively, the I/Q data may be used directly or 
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a phase comparison technique different may be used. I/Q data is stored in memory lOS of 
the processor 102 (shown in Fig. 3). After I/Q data is collected for a sufiGicient number of 
adjacent carrier frequencies, CPU 104 executes a distance measurement algorithm that 
operates on the stored I/Q data to calculate the distance between ttie base station 100 and 
5 remote station 200. 

Notably, in this embodiment, the carrier frequencies of SI A are different from the 
carrier frequencies comprising S2A. In some embodiments, the carrier frequencies of 
SIA and S2A may occupy different, non-overlapping frequency ranges. In other 
embodiments, the carrier frequencies of SI A and S2A may overls^. However, it is 

10 preferred that S 1 A and S2A are not transmitted with the same carrier frequency at the 
same time. Consequently, this enibodiment is well suited for, but not limited to, full- 
duplex operation. Moreover, the full-duplex transmission scheme described herein need 
not transmit carrier frequencies in incrementing or decrementing order, and in practice, 
the sequential order of carrier frequency transmission may be quite random. In operation, 

15 it is only necessary that the base station and the remote station in this embodiment follow 
the same hopping sequence of carrier frequencies. However, a two-way frequency 
hopping scheme is not required. Many other transmission schemes are known and could 
take advantage of other variation of the full-duplex operation of this embodiment of the 
present invention. 

20 In alternative embodiments, synthesizer 103-4 generates a FHSS signal having a 

sequence of carriers (S3) at different frequencies than those of S2A'. This requires that 
S2A* be frequency-converted by receiver 103-7 to the same frequency as the FHSS signal 
output from synthesizer 103-4. This frequency-conversion is necessary because of the 
requirenimt fliat the two inputs to phase detector 103-6 be at the same frequency for 

25 meaningful phase comparison. Generally, any transceiver arrangement that allows a 
phase detector to compare phases of equal frequency signals will suffice. 

Fig. 6 is a detailed illustration of one example of phase detector 103-6. As shown, 
phase detector 103-6 includes a 90 degree phase shifter 103-14, RF mixers 103-12 and 
103-13, and low pass filters (LPFs) 103-10 and 103-1 1. Mixer 103-12 receives input 

30 signal S3 (sin[27i;ft t]) from tiie synthesizer 103-4 and input signal S2' (Asin[27i:ft (t-2t)]) 
from receiver 103-7. Mixer 103-12 mixes these two signals and sends the result to low 
pass filter 103-10 to remove unwanted hannonics. Mixer 103-13 receives input signal S2* 
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(Asm[2«5 (t-2T)]) fiom receiver 103-7 and S3Z90 (cos [2n^ t]) fiom the 90 degree phase 
shifter 103-14. THe 90 degree phase shifter 103-14 receives as an input S3 (sin[2«5 1]) 
fiom synthesizer 103-14. Mixer 103-13 niixes these two signals and sends the result to 
lowpassfilter 103-11 toremoveunwantedharmonics. The in-phase and quadrature 
signals I and Q are thereby output from low pass filters 103-10 and 103-1 1. respectively 
The phase differences a and Q components) are forwarded to the CPV 103 (shown in Fig. 

3) for further processing. e.g., calculation ofthemultipath information and possibly the 
distance measurement. 

The I and Q components are generated by mixing the received signal Asin[27if. (t- 
2t)J with the locally generated signal sin[2,r5 tj as iUustrated in Fig. 6, where x is the one- 
way time delay and A is the ampUtude. Using the resulting I and Q components (stored 
in memory 105) to solve for t yields: 
Q/I=tan[2n^*2T] 
T=arctan(Q/0/47t^ 

The Q and I values may be processed as discussed below to produce the multipath 
information. 

Fig. 7 is a functional block diagram of a second embodiment of the present 
invention. This embodiment can operate either in half-duplex or in full-duplex modes. 

Fig. 7 iUustrates circuitry that may be included in the RF transceiver portion of base 
station 300 and the remote station 400. As shown, the base station 300 includes a local 
osdllalor 30M. sj^thesizer 300-2, synthesizer 300-3. power amplifier 300-4, phase 
detector 300-5. and receiver 300-6. Local oscillator 300-1 generates a system clock, or 
reference signal fref. which is coupled to the reference ii^uts of synthesizers 300-2 and 
300-3. In this exanq>le. fref = .5 MHz. 

Synthesizer 300-2 generates a single carrier signal S 1 (fO), which is coupled to the 
mputofpowa: amplifier 103-5. Sl(fO) is a multiple ofthe reference frequency fref In 
this example, synthesizer 300-2 multiplies fief by an integer value R. where R=200. 
Power amplifier 300-1 amplifies Sl(fD) and produces amplified signal SlA(fD). which 
inay be. for example. 1 MHz. Signal SlA(fl)) is propagated over distance D to the remote 
umt 400. Synthesizer 300-3 generates an FHSS signal S3, which is comprised of a 
sequence of carriers at different frequencies. Each carrier is a multiple ofthe reference 
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frequency fref. In this example, fref is multiplied by a sequence of integers N» where N 
varies between 4800 and 4960. As previously mentioned, N need not vary in ascending 
or descending order. 

Receiver 300-6 receives external FHSS signal S2A' (transmitted from remote 
5 station 200) to produce return signal S2*. Signal S2' is comprised of a sequence of phase 
shifted carriers corresponding to FHSS signal S3 generated by synthesizer 300-3. 
Further, the sequence of carriers of FHSS signal S2' are equal in fi^uency to the 
sequence of carriers of signal S3 generated by the synthesizer 300-3. Signals S2' and S3 
are coupled to the inputs of phase detector 300-5 for phase comparison. Phase detector 
10 300-S generates a sequence of DC I/Q outputs corresponding to the carriers of S2' and S3. 
The internal details of phase detector 300-5 may be tihie same as described in the previous 
embodiment. 

Also shown in Fig, 7 is the remote station 400. Remote station 400 includes a 
receiver 400-2, divider 400-3, synthesizer 400-4, and power amplifier 400-1. The 

15 receiver 400-2 receives single carrier signal S 1 A^fl)) from the base station 300 to produce 
Sr(fD). Divider 400-3 divides signal Sr(fO) to produce reference signal fref For 
purposes of example, R = 200. Reference signal fref is coupled to the input of 
synthesizer 400-4. Synthesizer 400-4 multiplies fref by a sequence of integers N to 
generate FHSS signal S2, which is comprised of a sequence of frequencies fri, frZv-fm. In 

20 this example, N is a sequence of integers between 4800 and 4960. Signal 82 is coupled to 
the input of power amplifier 400-1, amplified, and transmitted to receiver 300-6 in the RF 
transceiver 300 of the base station. 

As shown in Fig. 7, single carrier signal SI A(f0)is transmitted from transceiver 
300 to remote station 200. As will be described, this raibodiment does not require that a 

25 spread spectrum signal be used for the outgoing transmission from the base statioiL 
Further, the invention could be modified to work with a modulated carrier transmitted 
from the base station, although modulation is not a requirement for this embodiment 

As shown in Fig. 7, signal SI A' is received at the remote unit 400 by receiver 400- 
2 to produce single frequmcy signal Sl(fDy. Sl(f0)' is then used by the divider to 

30 generate a reference signal fref. Reference signal fref is used to synchronize a VCO in 
synthesizer 400-4 to generate S2 which is comprised of a sequence of carriers (^i, f,2v* 
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fin). FHSS signal S2 is amplified by poww amplifier 400-1 to generate signal S2A and 
transmitted bade to flie RF transceiver 300 of the base statioa 

At the base station transceiver 300. FHSS signal S2A' is received by receiver 103- 
7 and amplified to produce FHBS signal S2'. Signal S2' is phase compared with the signal 
S3 originally generated by synthesizer 300-3. As in the previous embodiment, phase 
comparison is performed by generating In-phase (I) and Quadrature (Q) DC signals and 
performing a simple arithmetic calculation to find the phase shift and signal amplitude. 
I/Q data is stored in memory 105 of the processor 102 (shown in Fig. 3). After I/Q data is 
coUected for a sufBcient number of adjacent carrier fiequencies, CPU 104 executes the 
distance measurement algorithm described in the previous embodiment Notably, in the 
second embodiment, the carrier firequency of SlA(iO) was different fi^m the frequencies 
comprising S2A. ConsequenUy, the second embodiment is well suited for, but not limited 
to. fiiU dq)lex operation. Further, as mentioned before, any transceiver implementation 
that provides for phase detection of equal frequency signals is sufficient. 

Fig. 8 is a function block diagram of a fiirther embodiment of the present 
invention. Fig. 8 illustrates circuitry that may be included in the base station transceiver 
500 and the remote station 600. As shown, the base station transceiver 500 includes a 
local osciUator 500-1, synthesizer 500-2, power amplifier 500-3, phase detector 500-4, 
and receiver 500-5. Local oscillator 500-1 generates a system clock, or reference 
frequency fref, which is coupled to the reference input of synthesizer 500-2. N this 
example, fref is set to 0.5 MHz. 

Synthesizer 300-2 generates a fi^uency hopping spread spectrum (FHSS) signal 
SI, which is comprised of a sequence of carriers at different frequencies. Each carrier is a 
multiple of the reference frequency Sxf. In this example, the multipUcation fector N is 
used by synthesizer 500-2, and is a sequence of values between 4800 and 4960. Signal 
SI is coupled to the input of power ampUfier 500-3. Power amplifier 500-3 amplifies 
signal SI and produces amplified FHSS signal SI A. Signal SIA is propagated over 
distance D to the remote unit 600. 

Receiver 500-5 receives external FHSS signal S2A' (transmitted from remote 
station 600). Signal S2A' is comprised of a sequence of phase shifted carriers 
corresponding to the carriers of signal SI generated by synthesizer 500-2. Fuiflier, the 
sequence of carriers of signal FHSS S2A' are equal in frequency to (he sequence of 
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carriers of signal SI generated by the synthesizer 500-2. Signal S2' and SI are coupled to 
the ixq)uts of phase detector SOO-4 for phase comparison. Phase detector 500-4 generates, 
for example, a sequence of DC FQ outputs corresponding to the carriers of S2'. 

Also shown in Fig. 8 is the remote station 600. Remote station 600 includes a 
5 recdver 600-1, divider 600-2, synthesizer 600-3, and power amplifier 600-4. The 
receiver 600-1 receives FHSS signal SI A' (comprised of a sequence of carriers having 
frequencies fti, ft2,...i^ fix)m the base station RF transceiver 500 and generates signal SI'. 
Divider 600-2 divides SI' by a factor R to generate reference signals firef . For purposes 
of example, let R sequence through the range of integers 4800 => 4960. Reference signal 

10 fref is coupled to the input of synthesizer 600-3. Synthesizer 600-3 multiplies fref by the 
sequence R to generate FHSS signal S2, which is comprised of a sequence of frequencies 
frw fr2,..-fm. FHSS signal S2 is coupled to the input of power amplifier 600-1, ampUfied, 
and transmitted to receiver 500-5 of base station transceiver 500. 

The operation of this embodiment will be described with reference to Figs. 8-9. 

15 As shown in Fig. 8, FHSS signal SIA is transmitted from base station transceiver 500 to 
remote unit 600. As shown in the timing diagram of Fig. 9, the signal SIA is comprised 
of a sequence of carriers fl , f2, S . . To implement a half-duplex system, where the 
return transmit carriers have the same frequency as the base station transmit carriers, 
transmit and receive operations must be time multiplexed. In this example, the carrier of 

20 S 1 A having a frequency of fO is transmitted by the base station to the remote station 
during a first time interval (B=>R). Subsequently, the same phase-shifter carrier is 
received by the base station during a second time interval (R=>B). Next, fl is transmitted 
and received during alternating time intervals (B=>R) and CR=>B). In this way, the base 
station and remote station can utilize the same transmit band without interference. 

25 The half-duplex transmission scheme described herein need not transmit carrier 

frequencies in incrementing order, and in practice, the sequential order of carrier 
frequency transmission may be quite random. In operation, it is only necessary that the 
base station and tfie remote station follow the same hopping sequence of carrier 
frequencies. Many other transmission schemes are known and could take advantage of 

30 oth^ variation of the half-duplex operation of this embodimmt of the present invention. 

As shown in Fig. 8, the signal SIA* is received at the remote unit 600 by receiver 
600^1 and divided down by divider 600-2 to generate the reference firequency W- 
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Divider 600-2 may include a phase locked loop for generating fief Th. phase locked 
loop contains a VCO which is locked by the input signal Si', m this example, the 
dividing fector R is selected fiom a sequence of integers ranging fiom 4800 to 4960. 
Eachintegerisselectedaccordingtotliegiventtansnntfrequency. After the transmission 
of signal SlA(f5) from the transceiver 500 of the base station ceases, divider 600-2 
maintains the control voltage on the VCO such that the reference signal fref continues 
with minimal frequency and phase drift. One or more techniques to maintain a stable 
reference signal after the mpnt locking signal ceases to exist can be implemented, for 
example, as suggested in related U.S. Application No. 09/759.602. filed concunenlly 
herewith and expressly incorporated by reference herein. 

Rfifereace signal f„f contains llie phase information of the received signal SI'. It 
can therefore be used to synchronize a VCO within the synthesizer 600-3 . More 
specifically, the signal U is used as a reference signal for the synthesizer 600-3 to 
generate signal S2 comprising carriers having frequencies (^,. {^,... Each of the 
fl«iuencies of S2 are phase coherent with reference signal fref. After transmission of SI 
by the base station transceiver 500 is complete, return signal S2 is amplified by power 

an5)lifier 600-1 to generate signal S2A and transmitted back to the base station 
transceiver 500. 

At base station 500, FHSS signal S2A' is leceived by receiver 500-5 and amplified 
to produce signal S2'. Signal S2' is phase compared with the SI originally generated 
signals by synthesizer 500-2. He phase comparison may be performed by the methods 
described above. 

The multipath Junctionality implemented by the base station 100 will now be 
discussed. Most wireless communication links 15 are exposed to the muWpafh 
phenomenon. As discussed above, this means that the RF signal received by a receiver is 
composed of many signal components traveling in different paths caused by reflections 
and diffraction from earth and surrounding objects. Each signal component has a 
different propagation delay. It is important in some applications (such as distance 
measurements) to know how many significant paths exist, their position, and relative 
strength. In particular, in the case of a distance measuring system, it is the propagation 
time for the direct path that is desired. 
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In accordance with the present invention, information is gathered on different 
frequencies that have the same or substantially the same multipaOi characteristics. It is 
assumed that if the transmitted signals are close enough in frequency, the transmitted 
signals wiU travel in the same or substantially the same (i.e., within tolerance) set of 
5 multipaths. In the received signals, a periodic relationship will exist between the received 
amplitude and the received frequency. The relationship is periodic in frequency, with the 
period depmdent on relative amplitude and delays of the involved echoes. 

The base station 100 may collect and store amplitude and differential phase shift 
information corresponding to each of the received signals S2A', for example, as discussed 

10 above, during one or more hopping cycles. The data may be stored in memory included 
in the processor 102. For example, the memory 105 may store the maximum received 
amplitude for each received frequency or the root-mean-square (RMS) amplitude for each 
received frequency. The base station 100 and remote unit 200 may perform multiple 
frequency-hopping cycles. The data from the multiple cycles may be averaged by the 

15 processor 102 to improve noise immunity. Next, the stored data may be processed by a 
hardware or software-implemented inverse Fast Fourier Transform (IFFT) algorithm. 
The resulting time-domain data indicates the location (time delay) and relative amplitude 
of the echoes composing the received signal. In distance measurement systems this 
knowledge is sufficient to distinguish the direct path from the combined signal, for 

20 example, by selecting the first peak signal in the time domain (which corresponds to the 
shortest distance between the base station and the remote unit) and ignoring oth^ 
components. The resolution and maximum detectable delay range for this method 
depends on the number of usable frequencies, their spacing, and their total span. For the 
Bluetooth technology, fte method is effective in tihe range of about 4 to about 150 meters. 

25 The mathematical principles underlying the present invention will now be 

discussed. Details of a phase-slope distance measurement methodology, which may be 
used in connection with the present invention, are discussed in U.S. Application No. 
09/759,601, entitled "Accurate Distance Measurement Using Wireless Techniques", filed 
concurrently herewith and expressly incorporated by reference herein. In the phase-slope 

30 method, measurement of propagation delay is based on the principal that the relative 
phase angle of the received signal is a linear fimction of frequency. That is, if phase 
delay is plotted as a fimction of fi<equency, the resulting graph is theoretically a straight 
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line. The slope of the line is directly proportional to the propagation delay and thus to the 
distance between transmitter and receiver. As noted above, the echo signals travel over 
longer paths than the direct path signal. At the receiver, the direct path signal and the 
echo signals combine as vectors. If the combined signal is used to calculate distance, the 
5 calculated distance is greater than the true distance. However, the echoes distort the 
liaear 'phase vs. frequency' curve, and this distortion can provide information as to the 
existence of multiple paths. 

In addition, the distance correction infonnation can be detennined &om the 
amplitude vs. frequency profile of the received signal. When direct path and echo signals 
10 combine as vectors, the resultant ampUtude. A, for two signals is: 

A{f) = ^al^ +al^ +2-al.a2cosa(/) 

where al and a2 are the ampKtudes of the directpath signal and the echo signal 
and a is their phase difference. The phase difference a is a function of frequency, 
which equals the difference in wavelength expressed in radians between the direct 
1 5 path and the echo path. 

Ftom the above expression, the relative strengths of the direct signal and 
an echo from the amplitude ripple A(f) can be determined as foUows. Let fl 
equal Ihe frequency where a = 0 and A is at its maximum, and let fi equal the 
frequency where a = tc and A is at its minimum. 

From the above equation for A(f) we can derive the following two 
equations with two unknowns (when al > a2); 
Aam = al - a2 and 
Anax = al + a2 

25 Solving for al/a2 : 

al/a2 = (A«« - A„ri^A^ + A„ri„) 

The inverse of the period of the ripple is Ihe delay time (At) of flie echo. 
To show this we first write the expression for 

30 
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a(f) = At*f*27C 



The change in a between fl and f2 is tc, so: 

a(f2) - a(fl) - At (£2 - fl) 27r = n 
At=l/[2(f2-fl)] 



The period of the ripple is 2(f2 - fl) so we have proved the above 

10 assertion. These two data, the relative echo strength and the echo delay, plus the 
apparent propagation delay that may be found using the phase-slope method, is 
may be used to calculate the true propagation delay, as will be demonstrated. 

In practice, the amplitude and phase data can be collected by one wireless device 
110 based on RF signals received jfrom another wireless device 110. The following 

15 methodology is used to determine the direct path time delay from the amplitude and phase 
information (or their Cartesian format) of the received signals. 

First, the wireless device 110 (acting as a base station 100) collects amplitude and 
phase (for cxsaaple, *In-phase' and 'Quadirature-phase' components) data for received 
jErequencies, for example, as described above in connection with Figure 5-9. By way of 

20 example. Figures lOA-lOE illustrates an example in which the received signals include a 
direct path component having a 20 ns propagation delay and an echo component having 
an 80ns propagation delay. Figures 1 1 A-1 IE illustrate an example m which the received 
signals include a direct path componmt having a 20 ns propagation delay and echo 
components havmg 80 ns and 120 ns propagation delays, respectively. Figures lOA and 

25 1 1 A illustrate examples of the received amplitude and frequency data plotted as a graph 
to facilitate an understanding of this aspect of the invention. Similarly, Figures lOB and 
1 IB illustrate examples of the received phase and frequency data plotted as a graph. Of 
course, in the operation of the wireless device 1 10, the amplitude, phase, and/or 
frequency data may be stored in memory and processed as a set of values or other 

30 convenient format(s) to facilitate storage and/or processing. 

For example, Table I (below) provides a representation of the amplitude and 
phase data of Figures 1 OA and 1 OB in Cartesian format (I and Q). Table 2 (also below) 
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provides a representation of the ampKtude and phase data of Figures 1 lA and IIB in 
Cartesian fonnat (I and Q). 
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Table 1 : Direct Path and 20 ns Echo 
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Table 2: Direct Path, 20 ns Echo and 80 ns Echo: 
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Next, time domain data can be obtained fiom the amplitude, phase, and frequency 
data. For example, an inverse Fast Fourier Traiisform(IFFT)inay be us^^ Of course, 
other transform algorithms may be used as well. In the EFFT case, sampling is done in 
the frequency domain and transformed into the time domain. Figure IOC illustrates 
S curves that reflect the various transmission paths obtained from an IFFT of the 

information of Figures lOA and lOB. Figure 1 IC illustrates the cmrves that reflect the 
various transmission paths obtained from an IFFT of the information of Figures 1 1 A and 
1 IB. We can clearly see that each of the transmission paths produces a single peak in the 
time domain. The relative position of the peak correlates to the propagation delay of the 

10 path it represents. 

Next, the path delay corresponding to the first significant peak is determined. 
This may be done using a peak search algorithm to distinguish the peaks out of the ripple 
and select the first peak. For example, the peak search algorithm may be implemented 
simply by setting values below a particular threshold to zero. The first peak may be 

15 identified by the first data points above the predetermined threshold. For purposes other 
than distance measurements, the position of other peaks may be of interest as well. The 
selected peak may be accurately located on the time scale, for example, by translating the 
points on the X-axis into time, using the known ratio between the total number of 
sampling points (4096 in our examples) and the maximum measurable path delay (l/[2* 

20 <f|, where <f is tiie sampling frequency spacing, in our case <f - IMHz and maximum 
measurable path delay = 50Qns). Of course, the x-axis may be scaled so that the result of 
the IFFT produces actual time values. 

Figures lOD and 1 ID illustrate the selected peak graphed in the time domain. 
Alternatively, the selected peak can be identified by performing a time-to-frequency FFT 

2S and applying the phase slope method, for exan^le, described in U.S. Application No. 

09/759,601, on the resultant phase vs. fi:equency curve. Figures lOE and 1 IE illustrate the 
reconstructed phase FFT. 

It should be noted that the examples of Figures lOA-lOE and 1 1 A and 1 IE are 
plotted in graph for to aid the reader's understanding of the invention. The processing 

30 described herein may be accomplished, at least m part, using processor 102 or other 
processing equipment by manipulating data sets stored in memory 105. 
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Following is a summary of the main effects of multipath on the phase-slope 
distance measuring system and the measures to take to counter it 

"raigfll and dday Ifae of the echoes. 

b) '^W™ti^ymthep,«e„c„f„„,apaU,ca.bceo„«»«Hy3.^ 

0 The d^ofresoluao. of echoes depends on U„„»4er of 
and total bandwidth of the system. 



^•^"--^'"■-yb^-od^iftdtaMdupteorhatf.taplcxdis.^c, 
-«.r««s^ *odtacn.„f4ep,e..„taven«o^^»^. 

b^schem.isinple„,««edu^B,„etoo«h,.ch.otogy. He distance n^ 
-"I'^s^proc.ssin, concept. Of thep,.^fave«ionn«y be hnplen^tJ^ 

w«^.b..c^of«„p^h.v»„^ Acc^y,,hechip.n.yinch^^ 
pn>vidnig otha- digital signal pmcessor (DSP) fimctionality. 

20 ^P^-toe-ionnmybensedinavarietyofappUcationsincWi.g.te 
>™.«-.o.n.bi,.eonnne^,,„,„,,^^^^^^ 

^f«-d.s.ancen«.s«„«.^«,.^,^,,^^^^^^.^^ 

25 «>*'»*«.Pa5-..forgoods.s«,ices„rinf„r,na«onn„ybeeaw,d.o,hanBng 
^.c.«»i,ntia.ed(e.g.,obtahnngacco«n.sta.en«n,inf„„na.o.,,r^ 
b^weeoaccoants). 0*e,apphca«ons^betao™.„d,osesMedn.fteartanda„ 
"rtbin the scope of the present invenUoa 

'^''°*°^»«°f''''"'«°S™'Villbeappa™«,o,hosesldUedi^ 

^^^''^"^'^"'^''^'^'""'^^•^'^ » 
«^.h«d.especifca«onandexan,.esbecoasidcedas„«np,a,yo.,y.^. 

•ruesoop. and spirit of thein™tionb«nghKiica,=d by a«fbllowingclaims 
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What is claimed Is: 

1 . A wireless transmission system comprising: 
a first wireless device including: 

5 a first receiver that receives at least one forward path radio frequency 

(RF) signal, and 
a first transmitter for transmitting a plurality of revise path RF 
signals having different carder firequencies, wherein the reverse 
path RF signals are phase coherent with the at least one forward 
10 path RF signal; and 

a second wireless device including: 

a second transmitter that transmits the at least one the forward path 

RF signal received by said first receiver of the first wireless device, 
a second receiver that receives the reverse path RF signals, 
15 a detector that generates amplitude and phase comparison data based 

on at least the received reverse path RF signal, and 
a controller/processor that generates transmission path data using the 
detected amplitude and phase data and the carrier firequencies and 
identifies fix)m the transmission path data time delay information 
20 for RF signals traveling in a direct path between the first and 

second wireless devices. 

2. The wkeless transmission system according to claim 1, wherein said first 
wireless device finiher includes a first synthesizer that generates said plurality of reverse 

25 path RF signals fix>m the at least one forward path RF signal^ each of said plurality of 
reverse path RF signal being phase coherent witti the at least one forward path RF signal. 

3. The wireless transmission system according to claim 1, wherein said 
detector comprises a phase detector fiaat generates quadrature amplitude and phase data. 

30 
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4. The wireless transmission system according to claim 1. wherein the at least 
one forward path RF signal and the reverse paths RF signals are M duplex 
transmissions. 

5 5. The wireless transmission system according to claim 1. wherein the at least 

one forward path RF signal and the reverse paths RF signals are half duplex 
transmissions. 
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30 



6. The wireless transmission system according to claim 1, wherein the at least 
one forward path RF signal comprises a pluraKty of forward path RF signals, the plurality 
of forward path RF signals comprising a pluraUty of different carrier frequencies 
modulated with a modulation signal, the different carrier fi^uencies having 
approximately the same multipath transmission characteristics between the first and 
second wireless devices. 

7. The wireless transmission system according to claim 6, wherein the first 
wireless device further comprises a demodulator for detecting the modulation signal in 
said plurality of forward path RF signals and a synthesizer for generating said pluraUty of 
reverse path RF signals &om the modulation signal. 

8. The wireless transmission system according to claim 1. wherein the at least 
one forward path RF signal con^jrises a carrier signal. 

9. The wireless transmission system according to claim 1, wherein the at least 

oneforwardpathRFagnalcomprisesamodulationsignalmodulatedonatleastone ' 
carrier signal. 

10. The wireless transmission system according to claim 9, wheitan said 
second wireless device further comprises a synthesizer for generating a plurahty of third 
RF signals that are phase coherent with the modulation signal, wherein said detector 
mcludes a phase comparator for phase comparing the pluraUty of third RF signals and the 
pluraUty of reverse path RF signals. 
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1 1 . The wireless transmission system according to claim 1 , wherein said 
second wireless device further comprises a synthesizer for generating a plurality of third 
RF signals that are phase coherent with the at least one forward path KB signal, wherein 

5 said detector includes a phase comparator for phase comparing the plurality of third RF 
signals and the plurality of reverse path RF signals. 

12. The wireless transmission system according to claim 1, wherein the 
controller/processor uses a Fourier transform to generate the transmission path data using 

10 the detected amplitude and phase data and the carrier frequencies. 

1 3 . The wireless transmission system according to claim 1 2, wherein the 
controller/processor further uses a peak search to identify the time delay infomiation. 

15 14. A wireless communication device comprising: 

a transmitter that transmits at least one forward path radio frequency (RF) 

signal; 

a receiver that receives a sequence of reverse path RF signals from a first 
wireless communication device, wherein the received reverse path RF signals are phase 
20 coherent with the at least one forward path RF signal; 

a detector that generates amplitude and phase data based on the received 
reverse palh RF signals and a signal of the at least one forward path RF signal; and 

a processor that generates transmission path data using at least the detected 
amplitude and phase data and identifying from the transmission path data time delay 
25 information between the received RF signals traveling in a direct path from the iSrst 
wireless device and the received RF signals traveling in at least one other path from the 
first wireless device. 

15. The wireless communication device according to claim 14, wherein said 
30 detector comprises a phase detector that generates quadrature amplitude and phase data. 
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16. The wireless communication device according to claim 14, wherein the at 
least one forward path RF signal comprises a modulation signal that is modulated on a 
sequence of different carrier frequencies within a predetermined range. 

5 17. The wireless communication device according to claim 16, further 

comprising a synthesizer for generating a plurality of third RF signals that are phase 
coherent with the modulation signal, wherein said detector generates said ampUtude and 
phase data using the received reveree path RF signals and the generated third RF signals. 

) 18. The wireless communication device according to claim 17, wherein the at 

least one forwaidpath RF signal is a fiequency hopping spread spectrmn signal. 

19. The wireless communication device according to claim 14, wherein the at 
least one forward path RF signal comprises a earner frequency, and further comprising a 
synthesizer for generating a plurality of third RF signals that are phase coherent with the 
carrier frequency, wherein said detector generates said amplitude and phase data using the 
received reverse path RF signals and the generated third RF signals. 

20. The wireless communication device according to claim 14, wherem said 
transmitter and receiver transmit and receive the at least one forward path RF signal and 
the reverse paths RF signals in fiill duplex. 

21. The wireless communication device according to claim 14, wherein said 
transmitter and receiver transmit and receive the at least one forwaiti path RF signal and 
&e reverse paths RF signals in half duplex. 

22. The wireless communication device according to claim 14, wherein the 
processor uses a Fourier transform to generate the transmission path data using the 
detected ampUtude and phase data and the carrier frequencies. 

23. The wireless communication device according to claim 22, wherein the 
processor further uses a peak search to identify the time delay information. 
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24. The wireless communication device according to claim 22, wherein the 
processor determines the distance betwera the wireless conmnmication device and the 
first wireless device based on the time delay information. 

5 

25. A wireless commmiication device comprising: 

a transmitter that transmits a forward path signal; 
a receiver diat receives a sequence of reverse path RF signals from a first 
wireless communication device, wherein the received reverse path RF signals are phase 
10 coh^ent with the forward path signal; 

a synthesizer that generates a plurality of local RF signals using the 
forward path signal; 

a phase comparator that generates amplitude and phase data based on the 
received reverse path RF signals and the local RF signals; and 
15 a processor that generates transmission path data using the detected 

amplitude and phase data and frequency information of the received reverse path RF 
signals and identifying fix>m the transmission path data time delay infoimation between 
the received RF signals traveling in a direct path from the first wireless device and the 
received RF signals traveling in at least one other path from the first wireless device. 

20 

26. A wireless communication device comprising: 

a transmitter that transmits a forward path signal; 

a receiver that receives a sequrace of reverse path RF signals from a first 
wireless communication device, wherein the received reverse path RF signals are phase 
25 coherent with the forward path signal; 

a synthesizer that generates a plurality of local RF signals that are phase 
coherent with the forward path signal; 

a detector that gen^ates amplitude and phase data based on the received 
reverse path RF signals and the local RF signals; and 
30 a processor that calculates a direct path distance between the wireless 

communication device and the first wireless communication device using the detected 
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ampUtude and phase data and frequency infoimation of the received reverse path RF 
signals. 



27. A wireless communication device comprising: 

a transmitter that transmits a forward path signal; 

a receiver that receives a sequence of reverse path RF signals from a firet 
wireless commmiication device, wherein the received reverse path RF signals are phase 
coherent wilh the forward path signal; 

detecting means for detecting anq)litude and phase data based on the 
received reverse path RF signals and at least a portion of the forward path signal; and 

a processor that calculates a direct path distance between the wireless 
commmiication device and the first wireless communication device using the detected 
ampUtude and phase data and frequency infomiation of the received reverse path RF 
signals. 

28. A method of operating a wireless communication device comprising: 
generating a forward path signal, 
transmitting the forward path signal over a wireless link, 
receiving reverse path radio frequency (RF) signals, each of said received 
RF signals having a different carrier frequency within the frequency range that exhibits 
substantially the same multipath characteristics and each of said received RF signals 
having a coherent phase relationship with the forward path signal; 

generating ampUtude and phase data using at least the received RF signals 
and the forward path signal, 

storing ampUtude and phase data coiresponding to each of sai<^ received 

RF signals; 

generating Fast Fourier Transform (FFT^ data using said stored amplitude 
and phase data and said carrier frequencies; and 

generating from the FFT data time delay information for received RF 
signals traveling in a direct path from the first wireless device and received RF signals 
traveUng in at least one other path from the first wireless device. 
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29. The method according to claim 28, wherein the step of generating 
aiiq>litude and phase data comprises generating local RF signals using tiie forward path 
signal and comparing the phase of the local KF signals and the received RP signals. 

30. A computer readable storage medium containing instructions for 
controlling a wireless commimication device, comprising instructions for: 

controlling a synthesizer to generate a forward path signal, 

controlling a transmitter to transmit the forward path signal over a wireless 

link, and 

calculating transmission patfi data based on amplitude, phase, and 
frequency data, the amplitude and phase data derived from received radio frequency (RF) 
signals, each of said received RF signals having a different carrier frequency within the 
frequency range that exhibits substantially the same multipath characteristics and each of 
said received RF signals having a coherent phase relationship with the forward path 
signal; and 

calculating time delay data from the transmission path data, the time delay 
data representing a time delay of RF signals travelling in a direct path between the 
wireless communication device and a wireless communication device that transmitted the 
received RF signals. 
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